Abstract. We study polarization variables in the photoproduction of ω-mesons with subsequent ω → γπ 0 decay. Single and double polarization observables are calculated as a function of different final-state angles. Reaction models include pomeron (natural parity) and π 0 (unnatural parity) exchange in the t-channel. In addition, the contribution of s-channel resonances is considered. The sensitivity of the polarization observables to the reaction dynamics is discussed.
Introduction
The hadron mass spectrum and hadronic decay modes provide important information towards the understanding of strong interactions at low and intermediate energies.
While in the meson sector the number of observed states roughly corresponds to the prediction of the quark model, in the baryon sector the expected spectrum of such models [1, 2, 3, 4] is much richer than observed [5] . The possibility is discussed that the missing resonances may have escaped observation in pion induced processes due to their small N π coupling [2, 6, 7] . The photoproduction of mesons offers a means to get a hand on the existence of the missing states, in particular in non-pionic final states.
The photoproduction of ω mesons off the proton is well suited to investigate this issue. It benefits from the fact that the ω threshold is in the higher lying third resonance region of the nucleon. The narrow width of 8 MeV enables a clean detection of the ω over background. In addition, the ω is isoscalar (I = 0); hence a s-channel process will only connect N * (I = 1/2) states with the nucleon ground state, but no ∆ * with I = 3/2. This provides a great simplification to the complexity of the contributing excitation spectrum.
Several recent experiments [8, 9, 10] and coupled channel analyses [11, 12] reported evidence for resonance contributions close to ω production threshold. Usually the ω is detected through the charged decay ω → π + π − π 0 . The neutral ω → π 0 γ decay provides complementary information [13] . Recently, first beam asymmetries have been measured using this channel [14] .
Correspondence to: andsar@iskp.uni-bonn. de In order to disentangle the reaction mechanism and characterize individual resonance contributions, the measurement of polarization observables is indispensable. A completely unambiguous decomposition of the reaction amplitudes would require at least 23 independent observables to be measured, including double and triple polarization observables.
It is the scope of the present paper to investigate single and double polarization observables in the reaction γp → ωp → π 0 γp. The sensitivity of the observables to resonance contributions to ω photoproduction is investigated.
The paper is organized as follows. Cross section and polarization observables are first discussed on the basis of the reaction dynamics. The influence of the reaction mechanism on the observables is then investigated in section 3, in particular the sensitivity to s-channel resonance contributions. The main results are finally summarized.
Cross sections, angular distributions and polarization variables
The differential cross section for production of two or more particles has the general form
dΦ n (k 1 + k 2 , q 1 , . . . , q n ) (1) where k 1 and k 2 are the momenta of the initial particles k 2 i = m 2 i (nucleon and γ in the case of photoproduction) and q i denote the momenta of the final state particles.
dΦ n is the n-body phase volume given by
The amplitude for photoproduction of a single (pseudo-) scalar meson is written in the form
where ε µ is the photon polarization vector andū(q 1 ) and u(k 1 ) are bispinors of the final and initial nucleons with momenta q 1 and k 1 , respectively. When the polarizations of photon and nucleon are not measured the squared amplitudes are averaged over orthogonal polarization vectors of the initial particles and summed over polarization vectors of the final particles:
Here A tr is the hermitian conjugated amplitude. The index α describes orthogonal polarization vectors of the photon and i, j describe the two orthogonal polarizations of the initial and final bispinors.
The amplitude for the photoproduction of vector mesons has the structure
where ω ν is the vector-meson polarization vector. The squared amplitude for the unpolarized case is given by
For the ω meson decaying into three pions, the direction of the ω polarization vector is defined by
where ε ναβγ is the totally antisymmetrical tensor and q i are the momenta of the final-state pions. For the π 0 γ decay, the ω polarization vector can be written as
whereǫ ν is the polarization vector of the final photon, q is the pion 4-vector (q ≡ q 2 ) and p is the 4-vector of the ω-meson (p = q 2 + q 3 where q 3 is the photon 4-vector).
is introduced to avoid the divergence of the amplitude at large energies.
If the polarization of the final photon is not measured, the omega polarization vector can not be completely determined. However its direction should be orthogonal to the plane which is defined by the 4-vectors of the ω and π mesons. The product of the ω polarization vectors summed over the polarizations of the final photons yields:
Hereg ⊥⊥ µν is a tensor orthogonal to the momentum of the photon (as any photon polarization vector) and to the momentum of one of the another on-shell-particle in the vertex (gauge invariance):
where
and
The tensor ω τ ω * ξ , defined in eq. (9), has the same structure as the tensorg ⊥⊥ µν :
For unpolarized photons the product of polarization vectors summed over polarizations gives:
where P = k 1 + k 2 is the total momentum of the γN system, k 1 is the momentum of the initial nucleon and k 2 is the photon momentum. Then
In the center-of-mass of the γN reaction and with the photon momentum directed along the z-axis the tensor g ⊥⊥ µν has the form:
The bispinors of fermions with momentum k 1 summed over polarizations are:
and therefore the squared amplitude (6) can be rewritten as:
It is stressed that the tensor g ⊥⊥ µν is orthogonal to the total momentum of the γN system, whileg ⊥ τ ξ and q ⊥ ξ are orthogonal to the momentum of the ω-meson.
Photon polarizations
When the initial photon is linearly polarized along the yaxis, the polarization vector in the laboratory and c.m. system is ε µ = (0, 0, 1, 0) and we do not need to average over the polarizations. In eq. (17) 
For a circularly polarized beam with helicity ±1,
(0, 1, ±i, 0). For helicity +1 the density matrix is
Helicity −1 differs in the sign of the nondiagonal elements. The photon beam is assumed to have either linear or circular polarization. In general, the degree of polarization is not 100%. Linear polarization is in the range 0 < P γ − < +1; the degree of circular polarization P γ ⊙ is between −1 < P γ ⊙ < +1.
Polarized target and recoil polarization
For a polarized target, the density matrix of the nucleon propagator (m +k 1 ) must be changed to a polarization density matrix:
where the 4-vector P t is the polarization vector of the target baryon. Assuming 100% polarization:
If the baryon momentum is directed along the z axis
then the longitudinal polarization vector is equal to:
The transverse polarization the polarization vector has only x and/or y components.
If the polarization P r of the final-state baryon P r = (P r 0 , P r ) is measured, the density matrix of the propagator (m +q 1 ) is substituted by
Polarization variables for pseudoscalar meson photoproduction
For single pseudoscalar meson photoproduction the description follows a paper by Chiang, Yang, Tiator and Drechsel [15] . The polarized and unpolarized differential cross sections (which we define for the sake of simplicity as σ ≡ dσ/dΩ and σ 0 ≡ dσ 0 /dΩ) can be divided into three classes of double polarization experiments:
-polarized photons and polarized target (25) which reduces to
for target polarization P t = (0, 0, P t z ) in beam direction. Here we changed the sign of E polarization compared to [15] to be in correspondence with other analyses (e.g. [16] ).
-polarized photons and recoil polarization
-polarized target and recoil polarization
In all cases Φ denotes the angle between the photon polarization vector and the reaction plane (xz) (see Fig.1 ). The polarization of the recoil baryon is measured in a coordinate system (x 
Coordinate frame fixed by the polarization of initial particles
In most papers devoted to polarization variables the amplitude is calculated in the frame where the x-axis together with the z-axis forms the reaction plane. The azimuthal angle Φ is defined as the angle between the reaction plane and the direction of photon polarization. For double polarization observables, e.q. beam-transverse target, the calculations are made with target polarization directed along one of the axes in this coordinate frame. Experimentally, the angle between beam and transverse target polarization is fixed and it may be advantageous to fix the axes by these polarizations. To extract the dependence of the cross section on the azimuthal angle in such a frame, eq. (25) must be rotated by ϕ which is angle between the x axis and the direction of the meson momentum. For unpolarized photons, in the frame where target polarization (100%) is directed along y-axis:
The definition of the angles is shown in Fig.2 . 
If the photon polarization is directed along the x axis ϕ = Φ from eqs. (25) and if it is directed along the y axis ϕ = 90 o − Φ.
With one receives circular polarized beam with helicity +1:
If the target polarization is directed along x-axis we have
and with circular polarization (helicity +1):
For a photon polarization directed at 45 degrees relative to the x-axis σ 0 45
is obtained. In all expressions a 100% beam and target polarization is assumed. It is seen that the extraction of the polarization variables is a difficult task: e.g. if the target polarization is directed along the y-axis and the beam polarization along the x-axis, the polarized cross section should be first to be decomposed into three ϕ dependencies which provide the beam asymmetry and two combinations of T , H and P observables. Due to orthogonality condition
for any n = 1, 2, 3, . . ., the T − (H + P )/2 combination can be extracted directly from the polarization data by weighting the events with cos ϕ:
Such variable can also be directly compared with theoretical prediction.
Two pseudoscalar meson photoproduction
For the photoproduction of two mesons the number of polarization variables is much larger. Already in the case of polarized beam and unpolarized target a beam asymmetry can be extracted for every outgoing particle. Moreover, the polarization observables can be extracted from the ϕ dependencies calculated in the center-of-mass system of two final particles. There are also new observables compared to single meson photoproduction. For example, in the case of the single meson photoproduction the circular polarization of the beam does not provide any additional information if the target is unpolarized and the polarization of the final proton is not measured. However in two meson photoproduction the circular polarization alone can effectively provide a beam-recoil asymmetry: for example in the case of ∆π final state some information about ∆ polarization can be obtained from its decay into πN .
Vector meson photoproduction
Polarization variables have been extensively studied in ω photoproduction for the case of the linear polarized beam and unpolarized target and, in particular, for the ω meson decaying into three pions, e.g [17, 18, 19] . For linear (or circular) polarized beam and polarized target, and radiative omega decay into π 0 γ the theory is not fully developed. In the present paper we concentrate on polarization observables in the photoproduction of ω mesons with subsequent decays ω → π 0 γ. The formalism is the same for the radiative Φ decays into ηγ (with a branching ratio of BR = 1.3%) and π 0 γ (BR = 0.13%). The z-axis is usually chosen along the initial beam. For unpolarized single pseudoscalar-meson photoproduction there is no additional vector to fix the azimuthal angle. It is a 'one-plane' reaction and the measured cross section should not depend how this plane is oriented. In the case of unpolarized vector meson photoproduction the situation is more complicated: if the polarization of the ω is, at least partly, measured, then there are two planes involved and dependencies on the relative azimuthal angle of the ω and π 0 can be obtained. This is similar to the situation with two pseudoscalar mesons in the final state.
With linearly polarized beam the cross section should not change, if the photon polarization vector is rotated by 180 degrees and, therefore, the beam polarization enters with a 2nϕ dependence. In ω photoproduction three beam asymmetries can be naturally extracted: the beam asymmetry of the ω meson calculated in the c.m.s. of the reaction, Σ (omega asymmetry), the beam asymmetry of the final pion in the c.m.s. of the reaction, Σ π (pion asymmetry), and the beam asymmetry of the final pion in the rest frame of the ω, Σ ω π (pion-in-omega-rest-frame asymmetry). The decay asymmetry Σ d introduced for the decay of vector mesons into two and three pseudoscalar particles (see e.g. [17, 20, 21] ) is extracted as a coefficient in front of the cos 2Ψ dependence in the production cross section, where Ψ is the angle between the photon polarization and the momentum of the final pseudoscalar meson. If this definition is extended to ω's decaying into π 0 γ, the decay asymmetry differs by a sign from Σ ω π : 
The definition of the ϕ ω and ϕ π angles are shown in Figs. 3,4 . The beam asymmetries can be extracted directly from the experimental data through their specific ϕ dependence. This also holds for the beam-target double polarization observables, e.g of G-type. The G, G π , G ω π observables can be calculated from the polarized cross section obtained with linear polarized beam (e.g. along the y-axis) and target polarization along the z-axis. These variables have a sin 2ϕ dependence:
The observable E is the asymmetry of helicity 3/2 and 1/2 initial states,
It is measured using circular polarized beam and longitudinal polarized target. There is no dependence on any ϕ angle additional to the unpolarized case.
Sensitivity of the polarization variables to the vectormeson production dynamics
The main contribution to the γp → ωp cross section at photon energies above 3 GeV comes from the fluctuation of the photon into a vector meson. In this regime the cross section exhibits diffractive behavior [22, 21, 23, 24] and has an exponential t-dependence
where the parameter |b| characterizes the range of the vector-meson-nucleon interaction. The photon helicity is transferred to the vector meson, i.e. the s-channel helicity is conserved. This requires (−) J natural parity of the exchange particle, i.e. 0 + , 1 − , etc. ("Pomeron"), and intricate conspiracy between t-channel spin-flip and non spin-flip contributions [25] . At energies below 3 GeV both exchange-parity characteristics are expected to contribute on a similar level. The unnatural parity admixture is attributed to t-channel exchange of pseudoscalar mesons, in particular π 0 [26] . Resonances in the s-channel are preferably expected to show up in the threshold region, since they would be form-factor suppressed at higher energies.
Polarization observables have been extensively studied in ω photoproduction for the case of linear polarized beam and unpolarized target and, in particular, for the ω decaying into three pions (see e.g. [17] ). For forthcoming experiments with linearly or circularly polarized beam and polarized target which use the radiative ω decay the theory is not fully developed. In the following we examin characteristic signatures of the different pieces of the reaction mechanism on the polarization observables in the reaction γ p → ω p → γπ 0 p.
Pion exchange
The ω meson decays in a P-wave into the π 0 γ system. The amplitude is described by the convolution of the antisymmetrical tensor with the momentum of the photon, the momentum of the ω-meson and the polarization vectors of omega and photon.
In the case of a pion exchange in the t-channel the omega production is described by the amplitudẽ
Here k is the momentum of the initial photon (k ≡ k 2 ), q the momentum of the final pion (q ≡ q 2 ), p the momentum of the ω-meson and
The ǫ
ν are the polarization vectors of the initial and final photon, respectively. The amplitude A(p → π * p) describes the propagation of the virtual pion (π * ) and its absorption by the proton.
The unpolarized cross section is proportional to the squared amplitude summed over the polarization of the final photon and nucleon, and averaged over the polarization of the initial photon and nucleon:
where dΦ n is defined by eq.(2). The amplitude for the interaction of the virtual pion with the nucleon can be factorized out from the production of the ω-meson. We first consider the beam asymmetry in the rest frame of the omega meson. If the z-axis is directed along the beam, then:
The y, x-axes can be chosen in the way that two orthogonal polarization vectors of the initial photon (which are ǫ (y) = (0; 0, 1, 0) and ǫ (x) = (0; 1, 0, 0) in c.m.s. of the reaction) have also only one component in the xy plane in the omega rest frame. The boost of these vectors to the ω rest frame yields:
where ω x and ω y are the x and y-components of the ω-meson momentum in c.m.s. of the reaction:
Summing over the polarization of the final photons (of eq. (12) we obtain for the squared amplitude:
Due to the fact that the omega 4-momentum has only an energy component and the momentum of the initial photon has only energy and z components, the antisymmetrical tensor can be written as
Therefore only y and x components of the polarization vectors of the initial photon give a contribution to the cross section. For the squared amplitude we then obtain:
Averaging over the polarization of the initial photon yields
where z ω π ≡ cos Θ π is defined in the rest frame of the ω-meson.
If the beam polarization vector is chosen along the xaxis, then
is obtained. Assuming 100% polarization:
and we obtain:
If the photon polarization is directed along the y axis
There is no dependence of Σ ω π on the other angles, e.g. the angle of the omega in the c.m.s. of the reaction. Thus, integrating the polarized and non-polarized cross section over z ω π we obtain in the omega rest frame.
In the non-relativistic limit where |ω| < M ω eq.(47) the boost from the ω rest frame to the c.m.s. frame does not change the polarization vectors of the photon. This means that the dependence of Σ π on the z π (calculated in c.m.s. of the initial photon and proton) should be the same as the dependence of Σ ω π on z ω π calculated in the rest frame of omega. With increasing energy the boost becomes more important. To extract these variables we performed simulations of Σ π and Σ ω with the Bonn-Gatchina partial wave analysis program. Here the pion exchange amplitude was taken in a reggeized form and the polarized and unpolarized cross sections were calculated from a sample of 400 000 γp → ωp Monte Carlo events. The angular dependence of Σ π and Σ ω on z π at different energies of the initial photon is shown in Fig.5 . Σ π has the angular dependence close to (1 − z 2 π )/(1 + z 2 π ) while the omega asymmetry is equal to zero. Indeed, for pure π * exchange the cross section measured with linear polarized beam carries no dependence on the azimuthal angle of the ω-meson and hence this asymmetry is expected to vanish. The dependence of the Σ π and Σ ω observables on the cos Θ ω is shown in Fig.6 . Both variables show no dependence on this angle at small energies. Again, as expected, the Σ π asymmetry is close to −0.5 and Σ ω is equal to zero. Only at large energies a weak dependence of σ π on cos Θ ω is observed.
Pomeron exchange
To investigate the pomeron exchange the leading γ-Pomeron-ω vertex with S-wave orbital moment between pomeron and initial photon is considered. The omega photoproduction amplitude for such a mechanism has the form:
Here A(p → 0 + p) is the amplitude describing the pomeron propagation and the interaction of the pomeron with the nucleon. Summing over the polarizations of the final photons yields:
Here the z-component of the polarization vector is to be taken into account. Then
The unpolarized cross section is proportional to:
There is a dependence on the difference between the angles ϕ ω and ϕ ω π . This is a consequence of the fact that the polarization vector of the ω-meson is partially reconstructed through the γπ decay. In a sense we dial with an "incomplete" recoil polarization experiment.
For the initial photon polarization vector along the xaxis one receives:
Extracting the cos 2ϕ ω π dependence only and integrating over all other ϕ dependencies we obtain At small initial energies where the omega momentum is small against its energy (|w| < M ω ) this yields:
Similar to the case of pure π-exchange, this observable does not depend on the ω-meson production angle. However the sign of Σ ω π changes for Pomeron exchange:
Apart from the overall sign, the behavior of the pion asymmetry Σ π is very similar for pure pion and pomeron ex- 
Mixing of pion and pomeron exchange amplitudes
To fix the mixing between the pion and pomeron amplitudes we fitted the unpolarized differential cross section measured by the SAPHIR collaboration from the ω production threshold at 1723 MeV to 2.4 GeV [8] . The fit roughly reproduced the total cross section. The description of the differential cross section was rather limited. The contributions of the two mechanisms to the total cross section was found to be about 40% for pomeron and 60% for pion exchange. The results in the beam asymmetries for such a mixing of the pion and pomeron exchange amplitudes are shown as dotted curves in Figs. 5 and 6. These amplitudes do not interfere if the nucleon is not polarized. Hence, the omega asymmetry is close to zero and the Σ π asymmetry only weakly depends on the angle of the omega meson with respect to the beam.
Double polarization observables
In experiments with polarized beam and polarized target information about further polarization variables can be extracted. Predictions for the angular dependence of E, G and G π are shown in Figs. 7 and 8 for the cases of pion and/or pomeron exchanges. It can be seen that for pure pion or pomeron exchange all these double polarization asymmetries are equal to zero. In the case of mixing of pomeron and pion exchange amplitudes G ω remains zero. However, E shows a clear linear dependence of both z ω and z π . Also G π exhibits a clear deviation from zero. It With transverse target polarization the target asymmetry T is equal to zero for all three cases. The observables F ω , F π can be extracted from measurements with circular polarized beam. As it is shown in Fig. 9 they also remain very small in the case of pion and/or pomeron exchange.
Sensitivity of the polarization variables to contributions from s-channel resonances
Recent experiments [8, 10, 14] indicated that, in addition to π 0 and pomeron exchange, s-channel resonances play a significant role in ω photoproduction in the threshold region. Therefore we investigated their impact on the polarization observables for the ω → π 0 γ final state using the frame of the Bonn-Gatchina partial wave analysis (PWA) program. Reasonably good agreement with the data is obtained for several different PWA solutions. Two, labeled (1) and (2), reproduce well the differential cross sections [8] and the omega asymmetry Σ ω even though the physical content of both solutions is rather different. In (1) two P 13 resonances provide the most significant contributions while (2) is dominated by N(1680)F 15 . Further solutions exist and cannot be distinguished on the basis of the available data. Fig. 10 shows the results for single and double polarization variables of the two solutions (1) and (2) . Already data on the pion asymmetry Σ π , which can be extracted from an experiment with linearly polarized beam and unpolarized target, will help to distinguish these two solutions. Very large differences are observed in the helicity asymmetry E (circularly polarized beam and longitudinally polarized target) and in the observable F ω (circularly polarized beam and transverse target polarization).
Summary and Conclusions
We have studied single and double polarization observables in the photoproduction of ω-mesons with subsequent radiative decay ω → π 0 γ. It is shown that the pion and pomeron exchange amplitudes have a very specific signature in the omega asymmetry Σ ω , the pion asymmetry Σ π , the pion-in-omega-rest-frame asymmetry Σ ω π and in the double polarization asymmetry G π . The measurements of these and further double polarization observables will be very important to distinguish between the t-channel exchange contributions and additional s-channel resonance production. In the Bonn-Gatchina PWA the observables E and G π appear particularly sensitive to distinguish between different partial wave solutions which describe the available data on the same level.
